We report on the application of a photoconductive frozen wave generator (FWG) for the generation of 0.36-THz radiation. Through the excitation of a bipolar photoconductive array, a two-cycle THz electrical transient is created. The THz electrical transient occurs on a time scale much shorter than the carrier lifetime in the semiconductor. Furthermore, variations in the uniformity of the optical excitation intensity across the photoconductive array introduce a controlled THz temporal chirp, thus providing for fine bandwidth tunability of the device. Modeling of the FWG is successful in describing both the time variation and the amplitude spectrum of the photogenerated THz radiation.
INTRODUCTION
With recent advances in the application of ultrashort laser pulses to optoelectronics, a new ultrahigh-frequency electromagnetic frontier ranging from 0.1 to 10 THz is being explored. Ultrashort THz pulses are currently being investigated for applications including inter-and intrachip communication, 1 spectroscopy and chemical identification, [2] [3] [4] [5] [6] miniature impulse radar, 7, 8 and imaging. 9, 10 A wide variety of techniques have been proposed and demonstrated in the generation, propagation, and detection of this freely propagating THz radiation. Although certain generation techniques exploit nonlinear interactions, such as photomixing in semiconductors 11, 12 and optical rectification in electro-optic materials, 13 the most common approach to generate ultrashort THz pulses employs the excitation of a Hertzian dipole source that has an ultrafast time dependence and a length smaller than the radiated THz wavelengths. In such a technique, an ultrashort laser pulse photoconductively shorts [14] [15] [16] [17] a charged coplanar transmission line to produce an ultrashort THz pulse. Although it is possible to generate THz radiation with long lifetime substrates by edge illuminating 18, 19 a coplanar transmission line and exploiting the depletion field at the metal-semiconductor interface to accelerate the carriers, the amplitude of the generated THz radiation is relatively weak compared with that of the radiation generated by electrically biased Hertzian dipoles.
In this paper we report on the application of an optoelectronic technique for the generation of tunable THz radiation. Our approach employs the concept of frozen wave generation [20] [21] [22] [23] [24] in the formation of ultrahighfrequency radiation. Operation of our device is independent of the semiconductor substrate carrier lifetime as long as the carrier lifetime, c , is longer than both the transit time of the waveform across the frozen wave generator (FWG) segments and the discharge time of the photoconductive switches. The concept of the photoconductively excited frozen wave generator (PC-FWG) as a potential dc-to-rf converter was first demonstrated by Proud and Norman 20 as an alternative to the existing electronically driven or spark-gap-switched FWG modules. 21, 22 These authors activated three sequential silicon photoconductive switches (Auston switches) with a 10-ns excitation laser pulse to produce a two-cycle waveform with a bandwidth of 100 MHz. Lee, 23 by using a similar experimental arrangement and a shorter laser pulse duration of 1 ps, later demonstrated a two-and-onehalf-cycle waveform with a bandwidth of 200 MHz. Since optically activated FWG's offer low jitter and high switching efficiency, the potential exists for these devices to operate at even larger bandwidths. Thaxter and Bell 24 successfully demonstrated a two-and-one-half-cycle device that produced a 6-GHz pulse train. Interestingly, all the previously reported FWG devices have bandwidths in the MHz to GHz range, [20] [21] [22] [23] [24] [25] are operated as singlefrequency generators, are cumbersome in size, and require a relatively high energy per pulse to close the photoconductive switches. In these devices, the maximum bandwidth is limited by two factors: the rise time of the switches and the inherent propagation delay between the sequential photoconductive switches that is due to cable interconnections. Thus to tune the waveform duration (or bandwidth), one must physically modify the length of the cable interconnecting the photoconductive switches. Although this approach might be simple for GHz devices, it proves to be a challenge at higher bandwidths (THz) at which the delay-line lengths require monolithic integration. Device tuning in this high-frequency regime is therefore extremely difficult, as the dimensions of the interconnections are only a few hundred micrometers in length.
The principal objectives of our work are to demonstrate the operation of a THz FWG and to describe a temporalchirping mechanism for bandwidth tuning of the THz radiation. To our knowledge, the demonstration of an ultrahigh-bandwidth, temporally chirped FWG has not been reported in the literature. The free-space characteristics of the FWG THz radiation are demonstrated as well, through transmission and reception of these THz radiation pulses by resonantly coupled integrated planar dipole antennas. For a propagation distance within the near-field regime, it is found that the received signal accurately replicates the transmitted signal.
EXPERIMENTAL ARRANGEMENT
The experimental arrangement for the generation and detection of the THz radiation is shown schematically in Fig. 1 
26,27
The transmitting dipole is driven by the FWG waveform propagating on the coplanar transmission line, whereas the receiving dipole antenna is driven by the freely propagating THz electric field waveform that is polarized parallel to the receiving dipole antenna.
A standard pump-probe experimental arrangement is incorporated for the generation and detection of the THz radiation. The pump and probe pulses are delivered by an 8-fs, 80-MHz, 800-nm Ti:sapphire laser. The pump beam, with an average power of 100 mW, illuminates all the photoconductive gaps in the FWG. Through the creation of effective short circuits between the four bias electrodes, a bipolar two-cycle voltage transient is launched on the coplanar transmission line. The probe beam, with an average power of 20 mW, is delivered, by means of a ϫ20 microscope objective and a total-internal-reflection mount, to a 20-m-thick LiTaO 3 electro-optic crystal transducer positioned over the coplanar transmission line 28 at a distance of ϳ400 m from the nearest end of the FWG. By means of scanning through the temporal delay between the pump pulses and probe pulses and monitoring the polarization rotation of the probe beam, a time-domain representation of the electrical signal on the coplanar transmission line is constructed.
To achieve noise reduction, high-frequency (3 MHz) electrical signal mixing 29 and differential lock-in detection techniques are incorporated into the biasing arrangement of the electrodes. Rather than biasing the electrodes of the FWG with dc voltages of alternating polarity, a 3-MHz signal is applied where a phase shift of 180°exists between adjacent FWG electrodes.
TERAHERTZ FROZEN WAVE GENERATION
Electro-optic sampling at location A yields the temporal shape of the electrical waveform generated by the FWG. Excitation of the generator is carried out by the pump pulse, which is carefully focused to achieve a nearuniform intensity across all the FWG photoconductive gaps. The time-domain waveform measured is shown in Fig. 2(a) . The figure shows four prominent voltage peaks of alternating polarity, spanning a time interval of 6.4 ps. The amplitude of these voltage peaks decreases steadily with time such that the second positive peak amplitude is 35% of the first positive peak amplitude. The decaying amplitude is due to multiple electrical reflections from the impedance mismatch between the transmission line segments and the photoexcited gaps as the pulse train propagates through the FWG segments. Portions of the voltage waveform that are generated furthest from the point of sampling will undergo the largest number of reflections and therefore suffer the greatest attenuation. 26 The detected signal of Fig. 2(a) shows two voltage cycles, both with a period of 3.2 ps. Since the 0.31-THz central frequency associated with this period is generated in a spatially periodic structure, of which a significant length (60%) consists of an optically generated plasma, the corresponding wavelength is expected to differ significantly from that of a standard dielectric-loaded transmission line. With an effective dielectric constant of 12.0 and a wavelength of 100 m (corresponding to one spatial period of bipolar electrode arrangement), standard dielectric-loaded transmission line analysis 24 would suggest that the full-wave period is approximately 1 ps, corresponding to a central frequency of 1 THz. The large difference between this predicted period and the measured period in Fig. 2 (a) makes clear that this array of photoconductive switches acts very differently from a standard transmission line of similar dimensions. The spectral intensity of the time-domain signal produced under uniform illumination of the FWG is shown in Fig.  2(b) . The peak-frequency response of this two-cycle voltage waveform is f 0 ϭ 0.31 THz, while the full width halfmaximum (FWHM) of the spectral intensity is 0.20 THz.
The time-varying conduction current and displacement current within an individual photoconductive gap of the FWG can be modeled by the parallel combination of a conductor and a capacitor, since the dimensions of each switch are much smaller than the wavelengths in the generated current pulse. 30, 31 This circuit model is shown in Fig. 3 , where Z 0 is the characteristic line impedance of the device, G(t) is the time-varying conductance of the photoconductive switch, C is the capacitance of the photoconductive switch, and q(t) is the time-varying charge stored in the gap. After the illumination of the photoconductive switch, the time-varying voltage that exists on the transmission line can be analyzed in terms of three propagating voltage transients as shown in Fig. 3: v i (t) is the incident voltage waveform, v r (t) is the reflected voltage waveform, and v t (t) is the transmitted voltage waveform. 30, 31 In treating each gap as an independent element, it is assumed that the rise time of each switch is less than the time required for reflected voltage transients to return from adjacent gaps. As is evident from Fig. 2(a) , the 1-ps rise time inherent to each gap is, in fact, less than the 2 ps required for a reflected voltage transient to return from an adjacent electrode, and hence, the reflected waveforms do not interfere with the generation process.
On optical excitation, the conductance across each gap increases rapidly. For an excitation pulse of duration much less than the response time of the circuit, as is the case in our experiment, one can model the conductance of each photoconductive switch as a step response in which
At the same time, the parallel capacitors discharge, and a voltage waveform is created at the output of the FWG. The speed with which this process occurs is limited by the interaction of these internal circuit elements with the external transmission line. The transmitted voltage waveforms, v t (t), is related to the circuit elements by
where the rise time of the voltage waveform is limited by the time constant
and V b is the initial bias voltage across the photoconductive gap. 31 An interesting relationship is seen to exist between the exponential time constant in Eq. (3) and the gap conductance G, where the conductance can be related to the incident intensity, I, through
Here w is the width of the gap, l is the length of the gap, eff is the effective mobility of GaAs, is the frequency of the optical pulse, d is the pulse duration, e is the electronic charge, and h is Planck's constant. For low levels of photoinjection, G is small, suggesting an electrical time constant of 2Z 0 C. As the level of excitation is increased, however, the conductance across the gap increases and the time constant of the transmitted signal decreases significantly. Owing to this relationship, the electrical response time of the photoconductive gap can be increased or decreased, simply by adjusting the level of photogenerated carrier density within the gap. The dependence of the electrical response time of the photoconductive gaps in the FWG on the incident pump intensity can be exploited as a frequency control mechanism for the photogenerated THz signal. By illuminating the photoconductive gaps of the entire FWG with a pulse intensity that gradually increases or decreases along the length of the structure, a variation in the rise times of the voltage waveforms generated at each gap can be introduced. This effect broadens the spectral intensity of the generated electrical waveforms. This scenario is investigated by focusing the pump beam into an elliptical pattern of large eccentricity and positioning the FWG onto a side lobe of the Gaussian beam profile to approximate a linearly varying intensity along the length of the structure. The results obtained are shown in Fig.  4(a) , in which the photoconductive gap furthest from the point of sampling receives the greatest level of excitation. The variation in the rise time across the electrical waveform is readily apparent from this time-domain signal, as the temporal period of each successive peak is seen to decrease in time. The spectral intensity curve of Fig. 4(b) illustrates this point in the frequency domain where, by introducing a variation in the periods of the waveforms in the time domain, we have in effect broadened the spectrum of the electrical waveform. For the present case of nonuniform linear illumination, the central frequency has increased to f 0 ϭ 0.36 THz and the power spectral density FWHM has increased significantly to 0.36 THz.
To gain further understanding of the relationship between the uniformity of illumination and the electrical response of the FWG, a model of the experimentally observed time-domain signals is developed. Taking the intensity that illuminates the FWG to be in fact linear, the intensity distribution is described by
where the term I 0 is the intensity that is incident on the photoconductive gap closest to the point of sampling, ␥ I is the intensity linearization constant, and x describes the spatial dimension across the FWG, as shown in Fig. 1 . Through Eq. (4), it is apparent that this linear intensity distribution across the FWG will manifest itself as a linear variation in conductance in which
The conductance distribution function of Eq. (6) can be linked to the rise time through Eq. (3). On expansion of the resulting equation, for ␥ I x Ӷ I 0 , it is found that the rise time across the device varies as
where
Indeed, the broadening of the spectral intensity curve in Fig. 4(b) , relative to that of Fig. 2(b) , is a result of this linear variation in the electrical rise time. The circuit response slows with decreasing x along the length of the FWG and a linear chirp in the temporal period is introduced.
To illustrate this point further and to obtain a value of the chirp parameter, ␥ T , the experimental FWG pulse trains for both uniform and nonuniform excitations are fitted to two-cycle THz waveforms of exponentially decaying amplitude and, in the case of nonuniform illumination, a linear distribution of rise times across the device. The calculated Fourier transforms for uniform and nonuniform illumination are shown as solid curves in Figs.  2(b) and 4(b) , respectively, and are found to fit the corresponding experimental data well. The bandwidth broadening that is due to nonuniform illumination, as shown in Fig. 4(b) , is accurately obtained from the case of uniform illumination, depicted in Fig. 2(b) , with the introduction of a linear variation in the electrical rise time, where 0 ϭ 0.8 ps and ␥ T ϭ 1.1 ϫ 10 Ϫ9 s/m provide the best fit between the calculated and the experimental results. Indeed, the larger the amount of period chirping, the wider the bandwidth of the THz signal. This rise-time-induced chirping mechanism can be used to fine tune the bandwidth of the THz radiation. 
FREE-SPACE THz PROPAGATION
The FWG generates THz electrical transients on the transmission line, and a method is required to launch these transients to make them useful for applications. The free-space propagation characteristics of the THz electrical signal are investigated through the use of integrated planar dipole antennas for the transmitter and the receiver, as shown in Fig. 1 . The electrical waveform generated by the FWG under nonuniform illumination, as shown in Fig. 4(a) , is fed to the dipole transmitter, and electro-optic sampling is performed on the coplanar transmission line at position B. The time-domain waveform measured is shown in Fig. 5(a) . The time scale for this figure is adjusted so that the zero time correlates with the time at which the electrical signal arrives at the transmitting dipole. Though several features are evident, the most prominent characteristic of the waveform is the twocycle bipolar THz oscillation commencing at 15 ps. This time interval corresponds to the time it takes the THz radiation pattern to reflect off the back side of the GaAs substrate and be picked up again by the receiver, an effect similar to that observed by McGowan and Grischkowsky.
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For a 600-m-thick substrate and a transmitter-receiver separation of 400 m, this propagation distance is in the near-field regime. The similarity between the transmitted signal of Fig. 4(a) and the close-up of the THz oscillation in Fig. 5 (b) confirms this point, as the received signal is simply a scaled replica of the transmitted signal. An important point related to the fact that the integrated dipole pair is operated both in a near-field regime and in a dielectric half-space, is that near-field surface pulses can propagate directly from the transmitter to the receiver both in the air and through the GaAs substrate. This effect manifests itself as the superposition of two signals at the receiver, one corresponding to propagation through the air and the other through the substrate. These artifacts are clearly shown in Fig. 5(a) . At a time of 1.3 ps the first pulse, corresponding to propagation through the air, arrives after traveling the 400 m from the transmitter to the receiver. The propagation time of 1.3 ps for this direct pattern is clearly evident in the timedomain signal of Fig. 5(a) , where a waveform is seen to commence at this moment. At a later time (4.8 ps), this signal is superimposed with the direct-wave pattern corresponding to propagation through the GaAs substrate.
The resonance response of the dipole transmitter and receiver can be illustrated through a half-wave resonance approach, incorporating the loading of the dielectric halfspace. The free-space half-wave resonance frequency of the dipole, f r ϭ 0.92 THz, is modified by the dielectric constant of the GaAs substrate, ⑀ ϭ 12.8, to give an effective half-wave resonance frequency of f eff ϭ 0.35 THz for
where the effective dielectric constant, ⑀ eff is
The dipole length is therefore well suited for the transmitted signal of Fig. 4(b) , which is centered at f 0 ϭ 0.36 THz. The power spectrum of the signal measured at the dipole receiver is shown in Fig. 5(c) and is found to peak at a frequency of f 0 ϭ 0.30 THz. Though the frequency response of the received waveform is similar in form to the frequency response of the transmitted waveform, the peak value is shifted downward by 50 GHz, indicating that the dipole resonance occurs at a value lower than predicted. This downward shift in the resonant frequency has been observed in other center-fed dipole investigations (as opposed to end-fed dipoles for which little resonant frequency shifting is observed).
11

CONCLUSION
In conclusion, we have reported on a method for the generation of THz radiation. The high-frequency response of the photogenerated THz radiation is found to depend on both the device dimensions and the illumination uniformity. The FWG allows for the creation of two-cycle radiation in which the central frequency and the spectral bandwidth are tunable through variations in the laserpump-beam uniformity. The free-space propagation characteristics of the FWG THz radiation are demonstrated through the use of resonantly coupled planar dipole antennas. The generation method of the waveform can be described with a model that involves a linear risetime chirp of the waveform train. Indeed, by increasing the number of the photoconductive switches in the FWG, it is possible to achieve narrower bandwidth THz radiation. This task can be accomplished by the use of an injection-FWG that does not suffer from multiple electrical reflections from the impedance mismatch between the transmission line segments and the photoexcited gaps. This new FWG configuration is currently being investigated.
